Mec1-Ddc2 (ATR-ATRIP) is a key DNA-damagesensing kinase that is recruited through the singlestranded (ss) DNA-binding replication protein A (RPA) to initiate the DNA damage checkpoint response. Activation of ATR-ATRIP in the absence of DNA damage is lethal. Therefore, it is important that damage-specific recruitment precedes kinase activation, which is achieved at least in part by Mec1-Ddc2 homodimerization. Here, we report a structural, biochemical, and functional characterization of the yeast Mec1-Ddc2-RPA assembly. Highresolution co-crystal structures of Ddc2-Rfa1 and Ddc2-Rfa1-t11 (K45E mutant) N termini and of the Ddc2 coiled-coil domain (CCD) provide insight into Mec1-Ddc2 homodimerization and damage-site targeting. Based on our structural and functional findings, we present a Mec1-Ddc2-RPA-ssDNA composite structural model. By way of validation, we show that RPA-dependent recruitment of Mec1-Ddc2 is crucial for maintaining its homodimeric state at ssDNA and that Ddc2's recruitment domain and CCD are important for Mec1-dependent survival of UV-light-induced DNA damage.
INTRODUCTION
Genome integrity is crucial for the survival of eukaryotic organisms. It is maintained by an evolutionarily conserved and meticulously coordinated network of pathways, collectively known as the DNA damage response (DDR). Ataxia telangiectasia mutated and Rad3 related (ATR, or Mec1 in budding yeast) and ataxia telangiectasia mutated (ATM, or Tel1 in budding yeast) are apical kinases of two key DDR signaling cascades. In contrast to ATM/Tel1, which is dispensable for viability (Shiloh and Ziv, 2013) , ATR/Mec1 is essential in a number of organisms. Notably, its loss is early embryonic lethal in mice (Brown and Baltimore, 2000; Liu et al., 2000) . In budding yeast, the lethality ensuing from loss of Mec1 can be suppressed by upregulating ribonucleotide reductase through a sml1 deletion (Zhao et al., 1998) . Although viable, mec1D sml1D cells nonetheless remain extremely sensitive to DNA-damaging agents.
Mec1 forms a complex with its regulatory subunit Ddc2 (ATRIP in human), and the function and stability of the two proteins are completely dependent on each other (Cortez et al., 2001; Paciotti et al., 2000) . In other words, loss of the catalytic subunit, Mec1, and of the regulatory subunit Ddc2 yield identical phenotypes in face of a wide variety of genomic insults, including replication stress, base adducts, UV-induced nucleotide damage, and double-strand breaks (DSBs) (Cortez et al., 2001; Edwards et al., 1999; Paciotti et al., 2000; Rouse and Jackson, 2002; Wakayama et al., 2001) . Upon activation, Mec1-Ddc2 phosphorylates over 100 substrates (Bastos de Oliveira et al., 2015; Hustedt et al., 2015) , initiating a signaling cascade that controls DNA repair and fork restart as well as cell-cycle progression, replisome stability, and deoxynucleotide triphosphate (dNTP) levels (Friedel et al., 2009) .
DNA damage or replication stress exposes long stretches of single-stranded (ss) DNA, which are rapidly bound by replication protein A (RPA) to form an ssDNA-RPA complex (Alani et al., 1992) . The ssDNA-RPA platform recruits Mec1-Ddc2 (Dubrana et al., 2007; Rouse and Jackson, 2002; Zou and Elledge, 2003) ; however, this recruitment is not sufficient to induce Mec1 activation. In Xenopus egg extracts, ATR/Mec1-dependent checkpoint activation required the presence of doublestranded (ds) DNA adjacent to the ssDNA stretch, a structure recognized by the so-called 9-1-1 clamp (MacDougall et al., 2007) . Similarly, the long unstructured C-terminal tail of 9-1-1 subunit Ddc1 can activate Mec1 kinase in vitro (Majka et al., 2006a) , as well as in vivo, when artificially targeted together with Ddc2 to an integrated array of binding sites (Bonilla et al., 2008) . Mec1-dependent phosphorylation of Ddc1 in turn recruits Dpb11 (TopBP1 in human), which further activates Mec1/ATR (Furuya et al., 2004; Kumagai et al., 2006; Puddu et al., 2008) .
The hierarchy of factors contributing to Mec1 activation is influenced by the cell cycle. In G1 phase, Ddc1 is the predominant activator and in S/G2, Ddc1 and Dpb11 act redundantly (Navadgi-Patil and Burgers, 2009) , whereas the Dna2 and Sgs1 helicases also contribute to activate Mec1 in S phase cells (Frei and Gasser, 2000; Kumar and Burgers, 2013) . This redundancy underscores the significance of a localized and timely activation of Mec1-Ddc2, which is a highly relevant feature of the kinase, given that Mec1 activation in the absence of damage causes cellular senescence (Toledo et al., 2008) .
In the DDR pathway, Ddc2 plays a crucial, non-redundant role in checkpoint activation, and cells lacking Ddc2, like those lacking Mec1, are non-viable. Deletion analysis within the DDC2 gene identified an RPA-binding domain (RBD) at its N terminus (Ball and Cortez, 2005; Kim et al., 2005) , which is followed by a predicted CCD (Ball and Cortez, 2005; Itakura et al., 2005) and a Mec1 interaction domain in the C terminus that is essential for cell viability Figure 1A) . The RBD interacts with the N-terminal oligonucleotide/oligosaccharide (N-OB) domain of RPA's largest subunit (Rfa1 in yeast; RPA70 in human), which serves as a platform for interaction with multiple DDR proteins, including Ddc1, Dna2, Mre11-Rad50-Xrs2 (MRX), and Sgs1 in yeast, as well as p53 in mammals (Hegnauer et al., 2012; Lin et al., 1996; Seeber et al., 2016; Xu et al., 2008; Zhou et al., 2015) . Due to the lack of structural information for Ddc2, it remained unclear how Ddc2 recognizes or binds the Rfa1 N-OB domain, although a theoretical model has been proposed (Ball et al., 2007) . Interestingly, a yeast mutant in which the Rfa1 N-OB domain carries a charge reversal mutation (K45E; or rfa-t11) renders cells defective in recombination and DNA repair but proficient in replication Seeber et al., 2016; Soustelle et al., 2002; Umezu et al., 1998) .
Like the RBD of Ddc2, its CCD is well studied on a functional, but not structural, level. The CCD of the human homolog ATRIP was needed for ATRIP oligomerization, stable ATR-ATRIP complex formation, ATRIP's recruitment to DNA lesions, and the activation of checkpoint signaling (Ball and Cortez, 2005; Itakura et al., 2005) . Interestingly, replacing the ATRIP CCD with a heterologous dimerization domain restored stable ATRIP oligomerization, complex formation, and recruitment, but not checkpoint activation (Ball and Cortez, 2005) , arguing that oligomerization per se is not sufficient for ATR-ATRIP activation. Surprisingly, however, deletion of the Ddc2 CCD in S. cerevisiae did not yield an obvious phenotype (Bandhu et al., 2014) . In conclusion, it remained unclear how the structure of Ddc2's RBD and CCD might contribute to the assembly of Mec1-Ddc2 complexes at sites of damage. Figure S1 .
Here, we present crystal structures of Ddc2 CCD , Ddc2 RBD+CCD -Rfa1 N-OB , and Ddc2
RBD+CCD -Rfa1
N-OB -t11 complexes and analyze the functional role of Ddc2 N-terminal domains in vitro and in vivo. Importantly, our Ddc2-Rfa1 crystal structure provides the missing link to existing structural data, allowing us to propose a mode of assembly for Mec1-Ddc2 on the ssDNA-RPA platform at sites of DNA damage. On the functional side, we reveal a complete dependency on the Ddc2 N terminus for cell survival following inefficient repair of UV-induced damage and generation of ssDNA gaps. Our model provides an explanation of how recruitment to ssDNA can itself contribute to dimerization and activation of the Mec1-Ddc2 complex. It also suggests a role for the Ddc2 CCD as a structural spacer, allowing Mec1 to selectively phosphorylate targets locally.
RESULTS

Architecture of the Ddc2
N -Rfa1 N Complex To gain structural insights into recruitment and oligomerization of Mec1-Ddc2 by RPA, we co-crystallized Ddc2 N , residues 1-109 from the budding yeast Kluyveromyces lactis, and Rfa1 N , residues 1-132 from Saccharomyces cerevisiae ( Figure 1A ), and determined its crystal structure at 1.9 Å resolution ( Figure 1B ). High sequence conservation (33% identity; Figure S1 ) allowed us to substitute KlDdc2 N for ScDdc2 N to obtain well-diffracting crystals. Ddc2 N includes the RBD (residues 10-30) and the CCD (residues 35-109) connected by a short linker. Rfa1 N contains a five-stranded beta barrel N-OB fold flanked by two flexible loops, forming a basic-hydrophobic cleft. The structure of the Ddc2 N -Rfa1 N complex was experimentally determined by single-wavelength anomalous diffraction (SAD) using selenomethionine-labeled Rfa1 N ( Table 1) . The complex crystallized in space group P2 1 2 1 2 1 with four protein chains per asymmetric unit. The entire Ddc2 CCD dimerizes to form a parallel coiledcoil, which allows two Ddc2 RBDs to interact with two Rfa1 N molecules, creating the A 2 B 2 stoichiometry. Because RPA molecules coat ssDNA in a ''beads on a string'' fashion (Alani et al., 1992) , it is reasonable to propose that the two Rfa1 N molecules in our crystal structure resemble two adjacent RPA molecules on a physiological stretch of ssDNA. Thus, the A 2 B 2 architecture of the Ddc2 N -Rfa1 N complex could represent the biological assembly of homodimers of the Mec1-Ddc2 heterodimer on ssDNA-RPA.
Ddc2
N Homodimerizes through the CCD The Ddc2 CCD is formed by two 103-Å -long parallel a helices and creates a 2-fold symmetry axis running along the center of the CCD ( Figure 1B ). The CCD homodimer is stabilized by classical hydrophobic knobs-into-holes leucine side-chain interactions at both ends, where additional polar side chains interact. The CCD opens up in the middle section, where polar side chains Asp65, Gln68, or His79 occupy the center, allowing access of solvent. To validate the CCD arrangement present in the K. lactis protein, we also determined the crystal structure of ScDdc2 CCD (S. cerevisiae Ddc2 CCD; residues 73-136) at 2.1 Å resolution ( Table 1 ) and found that the crystallographic ScDdc2 CCD homodimer and the K. lactis CCD superimpose well (root-meansquare deviation [RMSD] = 1.15 Å ), with all structural features of dimerization being conserved ( Figure 1C ). This is consistent with the sequence conservation (39% identity) of the two Ddc2 CCDs ( Figure S1 ). In conclusion, the CCD is an extended helix (103 Å ) that homodimerizes in a parallel orientation, thus being well-positioned to serve an architectural role in the enzyme complex.
N Binds Rfa1 N by Polar and Hydrophobic Interactions The conserved acidic-hydrophobic motif in the KlDdc2 RBD interacts with the basic-hydrophobic cleft of ScRfa1 N ( Figure S2A ). The Ddc2 RBD, formed by residues 10-30 (Figure 2A ), consists of a short a helix (residues 12-15) followed by a rigid prolinerich turn (residues 16-28), which together contribute to a buried surface area of $850 Å 2 in the Ddc2 N -Rfa1 N complex (Figures 2B and S2B) . Detailed protein-protein interface analysis by proteins, interfaces, structures, and assemblies (PISA) (Krissinel and Henrick, 2007) identified key residues on both proteins, highlighting the dual polar-hydrophobic character of the interaction. The Rfa1 N -interacting residues of KlDdc2 RBD are mostly conserved in ScDdc2 RBD (blue circles, Figure 2A) .
The Ddc2 N -Rfa1 N interface can be classified into four spatially distinct regions (panels 1-4, Figure 2C ). To confirm these and extend the analysis to ScDdc2 N , we determined the dissociation constant (K d ) using microscale thermophoresis (MST) of Cy5-labeled ScDdc2 RBD (residues 7-27) and ScRfa1 N that was either wild-type (WT) or carried alanine substitutions that were predicted to weaken the interaction (labeled Rfa1 N KREK for K58A, R62A, E86A, and K95A). The ScDdc2 RBD peptide bound ScRfa1 N WT with nanomolar affinity (K d = 0.43 ± 0.08 mM), whereas ScRfa1 N KREK failed to interact with ScDdc2 RBD ( Figure 2D ). In conclusion, Ddc2 N binds Rfa1 N by polar and hydrophobic interactions with a moderately high affinity, and the residues involved for this interaction are conserved.
Ddc2 Interacts with Rfa1-t11 Mutant Protein
The rfa1-t11 strain carries a K45E mutation close to the Ddc2-RPA interface, which renders cells defective in recombination and repair after damage by UV light, hydroxyurea (HU), Zeocin, and methyl methanesulfonate (MMS) but still able to carry out unperturbed DNA replication Soustelle et al., 2002; Umezu et al., 1998) . The K45E substitution indeed disrupts a positively charged patch in the basic-hydrophobic cleft of Rfa1 N , compromising the binding of MRX to RPA (Seeber et al., 2016) . Although the Rfa1-t11 mutant protein failed to recruit Ddc2 to ssDNA in vitro (Zou and Elledge, 2003) and compromised Mec1 focus formation at an induced DSB (Dubrana et al., 2007) , it was not defective in Ddc2 recruitment to HU-stalled replication forks in vivo (Kanoh et al., 2006) , nor was checkpoint activation by HU treatment compromised (Seeber et al., 2016) . To investigate whether the K45E mutation in Rfa1 N alters its interaction with Ddc2, we performed MST using Cy5-labeled ScDdc2 RBD and purified ScRfa1 N -t11. We found that the ScDdc2 RBD peptide bound ScRfa1 N -t11 with a 6-fold weaker affinity of K d =2.61± 0.37 mM( Figure 3A ) compared to ScRfa1 N WT. This difference in affinity might explain the defect of the rfa1-t11 mutant in recruiting Ddc2 to ssDNA reported earlier (Zou and Elledge, 2003) , although Rfa1-t11 still binds Ddc2 with significant affinity.
Recently, an N-terminal peptide (residues 1-20) of human Dna2, a nuclease-helicase, was co-crystallized with the human RPA N-OB domain (Zhou et al., 2015; PDB: 5EAY Figure 3A ) but failed to bind ScRfa1 N -t11 ( Figure S4A ). Similarly, we have previously shown that a peptide of the MRX complex (Rad50 residues 145-162) binds Rfa1 N with an affinity of K d =6 3±7mMi na nrfa1-t11-sensitive manner (Seeber et al., 2016) . In conclusion, the basic cleft compromised by the rfa1-t11 allele affects some, but not all, Rfa1 N ligands. Whereas the Rfa1-Dna2 and Rfa1-MRX interactions are strongly compromised by the mutation, the Ddc2 RBD shows only minor sensitivity to the K45E substitution, arguing that Ddc2 binds Rfa1 N in a distinct manner.
We next determined the crystal structure of Ddc2 N in complex with Rfa1 N -t11 at 2.4 Å resolution (Table 1 ). Similar to WT Ddc2 N -Rfa1 N , the Ddc2 N -Rfa1 N -t11 complex crystallized in the P2 1 2 1 2 1 packing with comparable unit cell constants and contained the same A 2 B 2 oligomer ( Figure S3 ). There were no significant conformational changes in the overall arrangement Figure 3C ), but not in the presence of beads alone (lane 8, Figure 3C ). This was confirmed by subjecting eluates to mass spectrometry.
After characterizing the Ddc2 N -Rfa1 N -t11 interaction in vitro, we tested the interaction in vivo using budding yeast strains, in which the endogenous DDC2 locus was replaced by a C-terminal DDC2-GFP fusion in either a WT RFA1 or rfa1-t11 background. We performed immunoprecipitation with anti-GFP antibody and probed for Rfa1 using a polyclonal anti-Rfa1 antibody. Bolstering our structural and biochemical findings, Rfa1-t11 precipitated with Ddc2-GFP as efficiently as WT Rfa1 ( Figures 3D and S4B ) and neither bound to GFP alone. We minimized any impact that contaminating nucleic acids might have on the Ddc2-Rfa1-t11 interaction by performing the binding assay in the presence of the nuclease Benzonase.
To extend this analysis to DNA-damage-specific recruitment of Ddc2, we analyzed Ddc2-GFP foci formation by exposing WT and rfa1-t11 cells expressing DDC2-GFP to either 0.2 M HU (which causes replication stress) or 0.5 mg/mL 
Glu45
Fraction bound Figure S3 ). Ddc2 RBD is displayed as blue cartoon whereas Rfa1 N -t11 is shown as gray cartoon and transparent surface. The side chain of residue E45 (K45E mutation in rfa1-t11) is displayed as atom-type colored stick. (C) In vitro pull-down: purified WT or K45E His-ScRfa1 N proteins were immobilized on Ni 2+ magnetic beads and incubated with purified untagged ScDdc2 N .Eluates were subjected to SDS-PAGE and LC-MS. LC-MS identification of ScRfa1 is represented as R; LC-MS identification of both ScRfa1 and ScDdc2 is represented as RD. (D) In vivo immunoprecipitation: extracts from cycling cultures of haploid S. cerevisiae (strains GA-1981, 4968, 9149 , and 9828; see also Table S1 ) were subjected to anti-GFP immunoprecipitation (IP) in the presence of Benzonase. Shown are the western blots performed with indicated antibodies. Quantification is shown in Figure S4B . (E and F) DDC2-GFP cells carrying either RFA1-wt or rfa1-t11 alleles (strains GA-8705 and 9828; see also Table S1) were exposed to 0.2 M HU or 0.5 mg/mL 4-NQO for 0, 30, 60, 90, and 120 min prior to fixation for microscopy. (E) Example images of S phase cells exposed to 0.5 mg/mL 4-NQO for 120 min show Ddc2 foci (white arrowheads). (F) Quantification of S phase cells containing Ddc2-GFP foci is shown (N = 3 and n R 100 per N; N indicates independent experiments and n indicates number of cells counted). n.s., not significant; *p < 0.05 (chi-square test). Data are represented as mean ± SD from three independent experiments. See also Figures S3 and S4 4-Nitroquinoline N-oxide (4-NQO), a UV-mimetic agent. As expected, after damage induction, Ddc2-GFP formed distinct sub-nuclear foci ( Figure 3E ). Consistent with the in vitro data, we could not measure significant differences in Ddc2 focus formation between rfa1-t11 mutant and WT RFA1 strains after treatment with HU ( Figure 3F ). However, upon treatment with 4-NQO, we measured a significant reduction in Ddc2 foci formation in the rfa1-t11 strain ( Figure 3F ). Whereas UV-induced thymine dimers can be repaired by short-patch nucleotide excision repair (NER), obviating the need for checkpoint activation, it has been shown that unrepaired UV/4-NQO damage generates ssDNA (Giannattasio et al., 2010; Lopes et al., 2006) , consistent with the strong Ddc2 focus formation that we observe in WT yeast after 4-NQO exposure ( Figure 3F) . Intriguingly, the sensitivity of rfa1-t11 for growth on 0.01 M HU or 30 J/m 2 UV was additive with ddc2DN (Ddc2 lacking both RBD and CCD, i.e., residues 2-136; Figure S4C ), arguing that compromised growth may not be due to defective Mec1-Ddc2 binding, in contrast to the epistasis observed between rfa1-t11 and MRX mutations (Seeber et al., 2016) . This argues that the rfa1-t11 phenotypes, particularly on HU or UV, may well reflect the loss of binding of Rfa1-t11 to MRX or Dna2, but probably not to Ddc2.
Ddc2 RBD and CCD Function Additively under DNA Damage Conditions
We next examined the roles of the Ddc2 N terminus in the survival of DNA damage in vivo. We created isogenic ddc2 alleles expressed from the endogenous promoter lacking residues 2-56 (ddc2DRBD), residues 58-136 (ddc2DCCD), or lacking both domains, i.e., residues 2-136 (ddc2DN; Figure 4A ). Because Tel1 kinase (ATM in humans) is functionally redundant with Mec1 kinase for Rad53 activation in budding yeast (Morrow et al., 1995) , we also created the above-mentioned ddc2 mutants in strains lacking Tel1. Growth was scored by plating a dilution series of cultures on YPAD agar plates with and without exposure to UV light, 4-NQO, HU, or MMS. In the absence of Tel1, ddc2DN was highly sensitive to all tested damaging agents (row 4, Figure 4B ), and it was hyper-sensitive to UV light and UV-mimetic 4-NQO, even in the presence of Tel1 kinase (row 2, Figure 4B ). This suggests that Ddc2 N is involved in Mec1-dependent survival in response to a variety of DNA damage types. The sensitivity of the single-domain mutants, ddc2DRBD and ddc2DCCD, to all damaging agents was masked by Tel1, yet in its absence, they showed severe sensitivity to DNA damage (last two rows, Figure 4B ). Nonetheless, single-domain deletions were not as sensitive as the combined deletion, suggesting that the RBD and the CCD are additive for Ddc2 N function. To assess whether the sensitivity of ddc2DN cells stems from a defect in checkpoint induction, we monitored the phosphorylation-dependent activation of Rad53 by a phospho-upshift on a western blot. ddc2DN cells had strongly delayed and reduced Rad53 phosphorylation after exposure to 2 mg/mL 4-NQO, especially 15-30 min post-damage ( Figure 4C ). In contrast, the kinetics of Rad53 phosphorylation in ddc2DN cells on HU was nearly comparable to that of WT. This was true even in the absence of Tel1: ddc2DN tel1D cells completely failed to phosphorylate Rad53 after exposure to 4-NQO, whereas tel1D cells do ( Figure 4C ). We note that, although the N-terminal tail of Ddc2DN was partially degraded (data not shown), the protein was able to function as a co-factor of Mec1, as demonstrated by cell survival on high HU concentrations and robust checkpoint induction. Because ddc2DN was defective in Rad53 activation on 4-NQO, we tested whether the 4-NQO sensitivity of ddc2DN can only be attributed to defective Rad53 signaling. We examined epistasis between ddc2DN and rad53D mutants in cells lacking sml1 at low 4-NQO concentrations, because rad53D mutants fail to grow at higher 4-NQO levels ( Figure S5A ). We observed that the ddc2DN rad53D double mutant was more sensitive than rad53D single mutant, suggesting that the 4-NQO sensitivity of ddc2DN cannot be only ascribed to defective Rad53 signaling. In conclusion, the Ddc2 RBD and the CCD are important for survival after DNA damage by UV and the UV-mimetic drug 4-NQO and for proficient Mec1 signaling to Rad53 and possibly other targets.
UV lesions are exclusively repaired by a ''cut and patch''-type reaction called NER. Exo1, a 5 0 -3 0 exonuclease, captures NER intermediates stabilized by impediments in repair synthesis and converts the initial 24-to 30-nucleotide (nt) ssDNA gap into a long (>500 nt) ssDNA gap, which triggers the DNA damage checkpoint response (Giannattasio et al., 2010) . During S phase, replication forks running into UV lesions generate remarkably long ssDNA regions, up to 3 kb in length (Lopes et al., 2006) . A study suggests that checkpoint activation by Mec1-Ddc2 in response to replication fork-stalling UV lesions is mainly triggered by ssDNA expanded by Exo1 (N. García-Rodríguez and H. Ulrich, personal communication). To test whether the 4-NQO sensitivity of ddc2DN arises from defective Mec1-Ddc2 recruitment to the ssDNA-RPA platform generated by Exo1 activity, we monitored Rad53 phosphorylation and cell survival in ddc2DN, exo1D,an d Table S1 ) monitored as in Figure 4C . (E) Isogenic strains GA-8163, 9485, and 9417 (see also Table S1 ) were synchronized in the G1 phase of the cell cycle (by a-factor) and released for indicated times into 2 mg/mL 4-NQO. Lysates were probed with anti-Rad53 antibody (Santa Cruz Biotechnology), anti-phospho-S122-Rfa2 antibody (Rockland), and antiphospho-S129-H2A antibody (Sigma). (F) Quantification of the intensities of Rfa2 phospho-S122 and H2A phospho-S129 normalized to actin loading control. Data are represented as mean ± SD from two independent experiments. See also Figure S5 and Table S1 . ddc2DN exo1D mutants upon 4-NQO treatment. In the presence of Exo1, Rad53 phosphorylation was strongly reduced and delayed in ddc2DN cells, whereas, in the absence of Exo1, ddc2DN cells failed to phosphorylate Rad53, even after 30 min of 4-NQO treatment ( Figure 4D ). However, ddc2DN mutation did not further sensitize exo1D mutants ( Figure S5B ), indicating that ssDNA generated by Exo1 is crucial for the Mec1-Ddc2 function for survival after 4-NQO and UV-induced damage, which is not necessarily correlated with Rad53 activation ( Figure 4D ).
Next, we tested whether the Ddc2 N terminus, especially the 103-Å -long CCD, would serve not only as a recruitment domain but also as a structural spacer that might allow Mec1 to selectively phosphorylate DNA-bound targets in cis while remaining bound to ssDNA-RPA. In ddc2DCCD and ddc2DN mutants lacking Tel1, we monitored phosphorylation of three Mec1 substrates following treatment with 2 mg/mL 4-NQO ( Figure 4E ). First, we scored Rad53 phosphorylation, as Rad53 diffuses freely and its phosphorylation should not be dependent on a structural spacer. Indeed, in this case, the ddc2DCCD mutant was as proficient as WT Ddc2 for Rad53 phosphorylation, whereas ddc2DN was deficient. Next, we tested the phosphorylation of S122 in the RPA subunit 2 (Rfa2-S122), which is localized to ssDNA sites. Again, ddc2DCCD cells modified S122 efficiently, with only a minor reduction over WT cells, whereas ddc2DN cells showed a significant reduction (39% of the ddc2DCCD level; Figures 4E and 4F ). On the other hand, for the phosphorylation of histone H2A on S129 (gH2A), which, as part of a nucleosome, would sit further from the site of Mec1-Ddc2 binding than Rfa2, reduced levels in both ddc2DCCD and ddc2DN cells were observed (29% as compared to WT). This is consistent with the notion that the long CCD of Ddc2 allows Mec1 to reach targets that are further away from damage sites, such as gH2A, providing a degree of substrate selectivity to the RPA-bound Mec1 kinase.
Ddc2 RBD and CCD Are Critical for Ddc2 Focus Formation after 4-NQO or UV Damage in S Phase
To measure Ddc2 recruitment to 4-NQO damage sites quantitatively in ddc2 mutants, we generated red fluorescent protein (RFP)-tagged Rfa1 and GFP-tagged Ddc2 in WT and Ddc2 mutants. All fusion proteins were C-terminally tagged and expressed from their endogenous loci under the genomic promoter. Consistent with previous reports, G1 phase cells rarely form Rfa1/Ddc2 foci, regardless of 4-NQO or UV treatment ( Figure 5A ; Lisby et al., 2004) . S phase cells, however, showed punctate sub-nuclear Rfa1/Ddc2 foci in 15%-20% untreated cells, indicative of endogenous damage, and both markers showed an increase in focus number after 4-NQO or UV, as Table S1 ) were either untreated or treated with 0.5 mg/mL 4-NQO or 100 J/m 2 UV 2 hr prior to fixation for microscopy. Table S1 .
expected ( Figures 5B-5D ). When examining the Ddc2 mutants, we found that Rfa1-RFP foci still increased 2-to 3-fold upon 4-NQO or UV treatment in WT, ddc2DRBD, and ddc2DCCD strains, whereas ddc2DN cells showed a reduction, but not complete loss, upon 4-NQO treatment (denoted by asterisk, Figure 5C ). This may indicate a feedforward amplification loop, in which RPA-dependent Mec1-Ddc2 recruitment to 4-NQO damage sites promotes further RPA recruitment. In the case of Ddc2 foci, however, despite a 3-fold increase in cells containing Ddc2 foci on 4-NQO ( Figure 5D ), neither ddc2DN nor ddc2DRBD cells showed an increase in Ddc2 foci on damage. In the ddc2DCCD strain on 4-NQO, the increase occurred and was slightly attenuated versus WT cells, whereas after UV, the increase was equal to WT. Combined with the survival studies, this suggests that the interaction of the Ddc2 RBD with Rfa1 is crucial for recruitment to 4-NQO or UV damage sites, whereas the CCD is more important for survival than for recruitment.
Ddc2 RBD Is Essential for Homodimerization under Damage Conditions
To examine the roles of these subdomains in homodimerization, we performed pull-down studies. Recent work has shown the co-existence of monomer-dimer species (Mec1-Ddc2 and [Mec1-Ddc2] 2 ), when Mec1-Ddc2 was overexpressed and purified under physiological salt concentrations (Andersen, 2017; Sawicka et al., 2016) . Discrepancies in the literature regarding the size of the Mec1-Ddc2 complex may argue for a dynamic equilibrium between pools of Mec1-Ddc2 and (Mec1-Ddc2) 2 (Bomgarden et al., 2004; Itakura et al., 2005; Kim et al., 2005; Majka et al., 2006b; Unsal-Kaç maz and Sancar, 2004) . Congruently, in our hands, size-exclusion chromatography coupled with multi-angle light scattering (SEC-MALS) analysis showed that recombinant ScDdc2 N and ScDdc2 CCD were monomeric ( Figures S6A and S6B) , suggesting that the Ddc2 CCD is not a constitutive dimer. To test whether the Ddc2 CCD is nonetheless important for homodimerization in vivo, we created WT, ddc2DN, ddc2DRBD, and ddc2DCCD strains in a diploid background, wherein one endogenous allele of DDC2 was C-terminally GFP tagged and the other allele was C-terminally PK tagged. In the absence of DNA damage, immunoprecipitation of WT GFPDdc2 co-precipitated WT PK-Ddc2; however, PK-Ddc2DN did not co-precipitate with GFP-Ddc2DN( Figure 6A ). Importantly, PK-Ddc2DRBD, but not PK-Ddc2DCCD, was recovered from immunoprecipitates of GFP-Ddc2DRBD and GFP-Ddc2DCCD, respectively, arguing that the CCD, but not the RBD, is essential for Ddc2 homodimerization in the absence of DNA damage. All the mutant forms of Ddc2 tested here retain the ability to associate with Mec1 and form a Mec1-Ddc2 heterodimer.
We next tested whether the response to DNA damage would alter the observed domain-dependent interaction. From the lysates of cells treated with 2 mg/mL 4-NQO, PK-Ddc2DRBD was not as efficiently recovered in immunoprecipitates of GFP-Ddc2DRBD as the WT Ddc2 ( Figure 6B ). This indicates that the Ddc2 RBD promotes Ddc2 homodimerization in the presence of UV-mimetic stress, but not in the absence of the damage. On the other hand, the Ddc2 CCD is essential for homodimerization both in the presence and absence of damage. Of course, these experiments do not exclude that interactions between the Mec1 moieties could also contribute to homodimerization of the Mec1-Ddc2 heterodimer, i.e., to the (Mec1-Ddc2) 2 assembly.
DISCUSSION
Assembly of Mec1-Ddc2 on ssDNA-RPA Our structural, biochemical, and in vivo findings allowed us to define the structural building blocks to model the higher-order Mec1-Ddc2 assembly on ssDNA-RPA at sites of DNA damage. The Ddc2 N -Rfa1 N crystal structure provides the missing link between the crystal structure of the ssDNA-RPA complex (Fan and Pavletich, 2012 ; PDB: 4GNX) and the negative-stain electron microscopy (EM) map of a homodimer of heterodimeric Mec1-Ddc2 (Sawicka et al., 2016; EMDB-4085) . Specifically, the RPA construct in the crystal structure of ssDNA-RPA lacks the Rfa1 N-OB domain that is present in our Ddc2 N -Rfa1 N crystal structure. Similarly, the thin and long Ddc2 CCD dimer (6 3 103 Å ) is absent in the $22-Å negative-stain (Mec1-Ddc2) 2 map. Indeed, Ddc2
N is expected to be masked or averaged out due to the weak contrast of the thin CCD and its conformational flexibility.
To ascertain the position of Ddc2 N with respect to the Mec1-Ddc2 core complex, we tagged the N terminus of KlDdc2 with residues 840-978 of the ScSir3 winged helix dimerization domain (Sir3wH) (Oppikofer et al., 2013) . We then co-expressed and purified Sir3wH-Ddc2 with KlMec1 N (residues 1-341) and subjected the Sir3wH-Ddc2-Mec1 N homodimeric complex to negative-stain EM to gain structural information. 2D class averages of (Sir3wH-Ddc2-Mec1 N ) 2 showed strong contrast for dimeric Sir3wH and core domains of Ddc2-Mec1 N but weak contrast for Ddc2 N (located between globular domains of Ddc2-Mec1 N and Sir3wH; Figure S7A ). Our EM analysis confirmed two things. First, in agreement with the earlier Extracts from cycling cultures of diploid S. cerevisiae strains GA-9842, 9843, 9844, 9845, and 9846 (see also Table S1 ) were subjected to anti-GFP IP and western blotting with indicated antibodies in the absence of DNA damage (A) or after 30 min exposure to 2 mg/mL 4-NQO (B). See also Figure S6 and Table S1 .
(Mec1-Ddc2) 2 negative-stained images (Sawicka et al., 2016) , the Ddc2 N terminus showed poor contrast, reflecting its small diameter. Second, the Ddc2 N terminus-made visible through its fusion to Sir3wH-was positioned away from the Ddc2-Mec1 N globular core. This allowed us to model the recruitment of (Mec1-Ddc2) 2 to ssDNA-RPA by compiling the following structural data: the crystal structure of the ssDNA-RPA complex lacking Rfa2wH and Rfa1 N -PDB: 4GNX; the negative-stain EM map of (Mec1-Ddc2) 2 -EMD-4085; and the crystal structure of Ddc2 N -Rfa1 N complex (this study). We assembled these in a to-scale composite model (Figures 7 and S7B) , which illustrates the recruitment of (Mec1-Ddc2) 2 to two adjacent ssDNA-bound RPA molecules.
According to this model, Ddc2 N would serve not only as a recruitment domain but also as a structural spacer, allowing the large (Mec1-Ddc2) 2 core module to move without encountering the DNA and thus preventing steric clashes with the assembly and disassembly of DNA repair and damage-processing complexes that must interact with the damage sites. This model also allows Mec1 kinase to phosphorylate multiple spatially distinct substrates while remaining bound, gaining flexibility from two long unstructured linkers. The first 50-residue-long linker is found between the Rfa1 N-OB and OB-A domains and can reach a maximum distance of $158 Å . This linker was in fact reported to be highly flexible (Brosey et al., 2015) . The second linker, between Ddc2 N and the Mec1-Ddc2 globular core, is 64 residues long and maximally $210 Å long. Both linkers show little amino acid conservation, yet their existence is conserved and their lengths increase from yeast to man. This is consistent with the proposed function as a flexible spacer. Our model reveals that two adjacent ssDNAbound RPA molecules recruit one (Mec1-Ddc2) 2 entity to form the principal building block of the Mec1-Ddc2 higher-order assembly.
Our data suggest that Ddc2 N is a non-constitutive homodimer. Due to the presence of long linkers in Ddc2 and RPA that flank Ddc2 N , it is reasonable to propose that Ddc2 N homodimerization is independent of the Mec1-Ddc2 globular core homodimerization. Because the binding affinity of the RBD-Rfa1 N interaction (K d = 0.43 mM) was much higher than that of Ddc2 N homodimerization, we propose that Ddc2 recruitment to ssDNA-RPA arrays increases the local concentration of the Ddc2 N terminus, promoting its homodimerization. The model reinforces our finding that the Ddc2 RBD becomes critical to maintain Ddc2 homodimerization only in response to DNA damage. Another explanation of the RBD-dependent homodimerization of Mec1-Ddc2 could be that the activation of Mec1-Ddc2 at damage sites, e.g., binding of Mec1-Ddc2 to Dpb11, induces a conformational change that weakens the Mec1-Ddc2 core homodimerization, increasing the dependency of Mec1-Ddc2 homodimerization on the Ddc2 N terminus. This may be a regulatory feature that helps prevent improper Mec1 activation in the absence of sufficiently long stretches of ssDNA. Indeed, in human cells, ATR failed to phosphorylate downstream effectors when the ATRIP CCD was replaced by the constitutively homodimeric GCN4 CCD (Ball and Cortez, 2005) . A further means to regulate Mec1 activation could be recognition of homodimeric Ddc2 CCD by Mec1 co-activators, such as Dpb11 and 9-1-1.
Exo1-Dependent Assembly of (Mec1-Ddc2) 2 Molecules on ssDNA-RPA after UV Damage RPA binds ssDNA in three different modes, depending on the length of ssDNA that it contacts: either the 8-nt low-affinity mode; the 12-to 23-nt medium-affinity mode; or the 30-nt high-affinity mode (Bochkareva et al., 2001 ). Because two RPA molecules bind one (Mec1-Ddc2) 2 entity, we expect 60 nt (high-affinity mode) to be the minimum length of ssDNA that is required to assemble (Mec1-Ddc2) 2 efficiently. Indeed, it was reported that, in the presence of RPA, Ddc2 binds more efficiently to 75-nt ssDNA (space for two RPA molecules) than it does to 50-nt or 30-nt ssDNA (space for one RPA molecule; Zou and Elledge, 2003) . Thus, it is clear that Mec1-Ddc2 is efficiently recruited to an Exo1-expanded ssDNA gap, where long arrays of RPA bound to ssDNA in high-affinity mode are present. Of course, Mec1 recruitment and activation on ssDNA is dependent on the Ddc2 N -Rfa1 N interaction, and ddc2DN cells showed greatly delayed and reduced Rad53 phosphorylation upon 4-NQO treatment ( Figure 4D ). Notably, Rad53 was still phosphorylated at low levels. On the other hand, in exo1D cells, the initial 24-to 30-nt gap cannot be elongated and long RPA-Mec1-Ddc2 arrays cannot build up. Congruently, we observed delayed and reduced Rad53 phosphorylation, hinting at a weak recruitment and dimerization mode for Mec1-Ddc2, even to the 24-to 30-nt short gap. It is imaginable that one Mec1-Ddc2 homodimer binds to two of the three RPA molecules that could occupy the initial 24-to 30-nt gap generated during NER in the 8-nt low-affinity mode. Such a scenario could still trigger weak and delayed Rad53 phosphorylation. Together, these mechanistic insights explain why ddc2DN and exo1D were additive for Rad53 phosphorylation upon 4-NQO treatment and that the delayed and reduced Rad53 activation in the case of ddc2DN is dependent on Exo1.
Interestingly, the additivity of ddc2DN and exo1D for Rad53 phosphorylation does not reflect on cell survival in our drop assays ( Figure S5B) . Nonetheless, the epistasis between ddc2DN and exo1D on survival assays suggests that Exo1-dependent ssDNA formation is crucial to fulfill Mec1-Ddc2 function in response to UV damage. This discrepancy between Rad53 activation and cell survival assays may reflect the distinct natures of the two experiments; Rad53 phosphorylation was done in liquid cultures acutely exposed to 4-NQO, whereas, for the drop assay, colonies were continuously exposed to 4-NQO for two days on plates, where both Exo1 and Mec1-Ddc2 may be involved in an alternative rescue pathway. Taken together, we suggest that, in the presence of UV lesions, Exo1 extends short unrepaired ssDNA gaps to recruit Mec1-Ddc2 efficiently by means of the Ddc2 N -Rfa1 N interaction, promoting checkpoint induction and survival ( Figure 7A ). This occurs, apparently, in S phase cells.
Activation of (Mec1-Ddc2) 2 on ssDNA-RPA at DNA Damage Sites Finally, we extrapolated our composite to-scale model to mimic Mec1-Ddc2 activation on ssDNA-RPA after DNA damage (Figure 7B ; see STAR Methods for assembly details). The model recapitulates the role of Ddc2 N as both a recruitment and spacer module that may allow Mec1 kinase to phosphorylate spatially In the first step, early NER factors recognize the damage and excise a 24-to 30-nt gap containing the lesion. In the second step, the NER reaction is completed by gap-filling DNA synthesis and ligation (short-patch NER). An impediment between these two steps, e.g., replication fork or opposing lesion, allows Exo1 exonuclease to process the 24-to 30-nt gap and generate long ssDNA gaps, which recruit Mec1-Ddc2 via the Ddc2 N -Rfa1 N interaction. Mec1 induces checkpoint activation by phosphorylating multiple substrates, including Rad53, RPA, and Exo1, to allow DNA repair (long-patch NER).
(B) To-scale composite structural model of the Mec1-Ddc2-RPA assembly (see also Figure S7B ) and activation at DNA damage sites (see STAR Methods for assembly details). (1) indicates the ssDNA-RPA platform, (2) indicates assembly of (Mec1-Ddc2) 2 on the ssDNA-RPA platform via Ddc2 distinct targets, including proximal or readily diffusing targets like RPA and Rad53, but also more distal substrates like histone H2A, 9-1-1, and Dpb11, thanks to the extended CCD and the long unstructured linkers (dotted lines; see also Figure S7B ). The capacity of Ddc2 for spatial flexibility may also facilitate an efficient activation of Mec1 by the long unstructured C-terminal tails of either the Ddc1 subunit in the 9-1-1 clamp or of Dpb11. The model is consistent with the notion that the recruitments of 9-1-1-Dpb11 and/or (Mec1-Ddc2) 2 to damage are largely independent events Melo et al., 2001) , which may reduce the likelihood of untimely Mec1 activation. Once activated, Mec1-Ddc2 appears to remain bound and act locally on substrates in the vicinity, given that it forms a bright focus at the site of damage (Dubrana et al., 2007) . Thus, the structures presented here and the composite model of the Mec1-Ddc2 higher-order assembly on ssDNA-RPA that they enabled have elucidated structural features of the enzyme complex that have functional implications for the activation and target recognition of this kinase. We find that these unusual Mec1/ATR characteristics are crucial for the maintenance of genomic integrity in face of genomic insult.
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METHOD DETAILS
Protein engineering and purification from E. coli KlDdc2 N (residues 1-109) from K. lactis; and ScDdc2 N (residues 1-136), ScDdc2 CCD (residues 73-136), Rfa1 N (residues 1-132), Rfa1 N -t11 (residues 1-132; K45E), Rfa1 N KREK (residues 1-132; K58A, R62A, E86A, K95A) from S. cerevisiae were separately cloned into pOPINF vectors using the In-Fusion system (Clontech) (Berrow et al., 2007) and individually expressed in E. coli BL21(DE3). Cells expressing appropriate target were pelleted, resuspended in lysis buffer (50 mM Tris-HCl, pH 7.5, 500 mM NaCl, 20 mM imidazole, 0.2% Tween-20) then rapidly frozen on dry-ice and stored at À80
C. The frozen cell suspension was thawed at room temperature and supplemented with complete EDTA-free Protease Inhibitor Cocktail (Roche) and Benzonase (Sigma) before sonication. The lysate was clarified by ultracentrifugation and then affinity purified via an N-terminal His6 tag using Ni-NTA Superflow resin (QIAGEN). His-tag was removed using His-tagged 3C protease and a second round of affinity purification. Lastly, target was purified using a Superdex 75 HiLoad 16/60 (GE Healthcare) column equilibrated in 20 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1 mM TCEP, 0.02% NaN 3 . Only in the case of Ddc2 N , anion exchange purification was done using a HiTrap Capto Q (GE Healthcare) column before size exclusion chromatography. Incorporation of seleno-methionine was performed with E. coli B834(DE3) as described by Molecular Dimensions' seleno-methionine media kit.
Protein engineering and purification from Sf9
Sir3wH-Ddc2 (KlDdc2 lacking residues 115-127 N-terminally fused to ScSir3 winged helix dimerization domain residues 840-978) and Mec1 N (KlMec1 residues 1-341 N-terminally tagged with Strep-II) were cloned into separate pAC-derived vectors (Abdulrahman et al., 2009) . Recombinant baculoviruses were prepared using the flashBAC system. The Sir3wH-Ddc2-Mec1 N complex was expressed in Sf9 insect cells by co-infection of separate baculoviruses encoding Sir3wH-Ddc2 and Strep (II) tagged Mec1 N . Cells expressing appropriate target(s) were lysed in 50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 2 mM MgCl 2 , 2 mM TCEP, 0.2% Tween-20 freshly supplemented with complete EDTA-free Protease Inhibitor Cocktail (Roche) and Benzonase (Sigma). Following ultracentrifugation, target was extracted by Strep-Tactin Sepharose (IBA) affinity chromatography. The target was removed by overnight TEV protease treatment. The protein was then separated by a HiTrap Capto Q (GE Healthcare) anion-exchange column and lastly subjected to size exclusion chromatography on a Superdex 200 HiLoad 16/600 (GE Healthcare) column equilibrated in 20 mM Tris-HCl, pH 8.0, 150 mM NaCl and 1 mM TCEP.
Crystallization
Nanoliter crystallization experiments were performed with a Phoenix dispensing robot (Art Robbins) using the sitting-drop vapor diffusion method at 20 C. Ddc2 N -Rfa1 N co-crystals were obtained by mixing 1 mM KlDdc2 N and 1.2 mM seleno-methionine labeled Data collection and structure determination Diffraction data were collected at the Swiss Light Source (Villigen, Switzerland) beamlines X06DA using a Pilatus 2M-F detector (Dectris) and X10SA using a Pilatus 6M detector. Ddc2 N -Rfa1 N and Ddc2 N -Rfa1 N -t11 co-crystals belonged to space group P2 1 2 1 2 1 (four chains per a.u. in both cases) and diffracted to 1.9 Å (l peak = 0.979 Å ) and 2.4 Å (l = 1.000 Å ). ScDdc2 CCD crystallized in space group P222 1 (one chain per a.u.) and diffracted to 2.1 Å (l = 1.000 Å ). For all projects, diffraction data were integrated and scaled using the XDS program package (Kabsch, 2010) . The structure of Ddc2 N -Rfa1 N was solved by single anomalous dispersion method using four seleno-methionine sites per molecule of Rfa1 N for phase calculation in PHENIX AutoSol (Terwilliger et al., 2009 N -Rfa1 N and PDB: 1A92 as search models, respectively. For all projects, phases were then used for automatic model building in PHENIX (Adams et al., 2011) and BUCCANEER (Cowtan, 2006) followed by manual completion of the model using COOT (Emsley et al., 2010) . The structures were refined by the crystallographic simulated annealing routine followed by individual B-factor refinement in PHENIX and further rounds of manual rebuilding in COOT and refinement in BUSTER (Bricogne, 2011) . The final structures were validated using Molprobity (Chen et al., 2010) and COOT. Structural images for figures were prepared with PyMOL (http://www.pymol.org/).
Molecular mass measurement by SEC-MALS Purified ScDdc2
N and ScDdc2 CCD were concentrated up to 300 mM and 260 mM respectively, and filtered through a 0.1 mm Amicon filter before injection. 38 mL of each protein was separated on a Superdex 200 10/300 GL gel-filtration column (GE Healthcare) equilibrated in 20 mM Tris, pH 7.5, 200 mM NaCl, 1 mM TCEP, 0.02% NaN 3 at a flow rate of 0.65 mL/min. Light scattering was recorded on an in-line miniDAWN TREOS three-angle light scattering detector (Wyatt Technology) and protein concentration detected with an in-line Optilab Trex refractive index detector. The weight-averaged molecular mass of material contained in chromatographic peaks was determined using ASTRA 6 software (Wyatt Technology).
Microscale thermophoresis
Experiments were carried out in 20 mM Tris-HCl buffer, pH 8.0, containing 150 mM NaCl, 0.05% Tween-20 and 0.5 mg/ml BSA. Purified Rfa1 N , Rfa1 N -t11, Rfa1 N KREK and N-terminal Cy5-labeled peptides of S. cerevisiae Ddc2 ( 7 -GEFSSDDDDDILLELGTRPPR-27 ) and Dna2 ( 355 -SSDEFSDDSLIELLNETQ-372 ) (JPT Peptide Technologies, Berlin, Germany) were centrifuged at 13,200 g for 5 min at room temperature prior to the assays. A dilution series of Rfa1 proteins yielding different protein concentrations starting from 0.6 nM to 2000 mM was mixed separately with labeled Ddc2 or Dna2 peptide at a fixed concentration of 0.5 mM. After 15 min incubation at room temperature, followed by centrifugation at 5,000 g for 5 min, approximately 4 mL of each solution was filled into Monolith NT Premium Coated Capillaries (NanoTemper Technologies GmbH). Thermophoresis was measured using a Monolith NT.115 instrument (NanoTemper Technologies GmbH) at 23 C with 5 s/30 s/5 s laser off/on/off times, respectively. Instrument parameters were adjusted to 1%-20% LED power and 20% MST power. Data of three independently pipetted measurements were analyzed (NT.Analysis software version 1.5.41, NanoTemper Technologies GmbH) using the signal from thermophoresis and plotted using GraphPad Prism version 6.01 (La Jolla, CA, USA).
Immunoprecipitation and western blotting Yeast strains are described in Table S1 . If not stated otherwise, cells were cultured at 30 C in YPAD medium using standard procedures. For anti-GFP IP, 100 mL of log-phase culture was harvested by centrifugation, washed once with cold phosphate buffered saline, and snap-frozen in liquid nitrogen. The pellet was resuspended in IP buffer (50 mM HEPES pH 7.4, 150 mM NaCl, 2 mM EDTA, 0.5% NP-40) supplemented with Complete Protease Inhibitor and PhosSTOP tablets (Roche). In anti-GFP IP experiments to check RPA interaction, Benzonase nuclease was also added to the IP buffer. Cells were mechanically lysed by bead beating and the lysate was mixed with anti-GFP antibody (Roche Cat#11814460001) crosslinked to Dynabeads Protein G. Binding reaction was carried out at 4 C for 1.5 hr. After washing thrice with IP buffer, bound proteins were eluted with 0.2 M Glycine pH 1.9 and analyzed by western blotting. Anti-GFP antibody (Santa Cruz Cat#sc-8334) was used for western blots.
Fluorescence microscopy
Fluorescence images were deconvolved using Huygens professional and the classic maximum likelihood estimate algorithm with a signal/noise ratio of 10, automatic background estimation and 40 iterations. For foci number quantification, Z stacks were obtained by taking 35 slices at 200 nm intervals. The EMCCD gain was set to 800 in all cases except to the brightfield were it was set to 1. Exposure times were: 30 ms DAPI, 100 ms GFP, 100 ms RFP, 10 ms brightfield. ''Bright foci'' were counted and defined as foci that have clear borders. Thresholding was applied in Fiji to help see foci over background nuclear signal. At least 100 cells were counted per replicate. Data are represented as mean ± SD from three independent replicates. The details of statistical analysis are described in figure legends.
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